Benfotiamine (BFT) is a transketolase activator that directs glucose to the pentose phosphate pathway. The present study investigated whether BFT improves the recovery after myocardial infarction (MI) and explored underlying mechanisms of protection. Non-diabetic and streptozotocin-induced type 1 diabetic mice were supplemented with BFT (70 mg/kg/day in drinking water) for 4 weeks and then subjected to MI or sham operation. Cardiac function was monitored by echocardiography. At two weeks post-MI, intra-ventricular pressure was measured by Millar tip-catheter and hearts were collected for biochemical, immunohistochemical and expressional analyses. No treatment effect was observed in sham-operated mice. Post-MI mortality was higher in diabetic mice and hemodynamic studies confirmed the worsening effect of diabetes on functional recovery. Furthermore, diabetic mice demonstrated increased cardiomyocyte apoptosis, reduced reparative angiogenesis, larger scars, enhanced oxidative stress, and blunted activation of the pro-survival VEGF receptor-2/Akt/Pim-1 signaling pathway. BFT improved post-MI survival, functional recovery and neovascularization and reduced cardiomyocyte apoptosis and neurohormonal activation in diabetic as well as in non-diabetic mice. In addition, BFT stimulated the activity of pentose phosphate pathway enzymes, leading to reduction of oxidative stress, phosphorylation/activation of VEGF receptor-2 and Akt and increased Pim-1, pBad and Bcl-2 levels. These effects were contrasted on silencing glucose-6-phosphate dehydrogenase, the key enzyme in pentose phosphate pathway, or inhibiting Akt. BFT benefits post-MI recovery through stimulation of pro-survival mechanisms and containment of neurohormonal response. These results may have implications for the treatment of myocardial ischemia.
Introduction
Myocardial infarction (MI) is the leading cause of death worldwide. Patients with diabetes mellitus (DM) have less favorable outcome after MI [1, 2] or coronary artery revascularization [3, 4] , and are at high risk for developing heart failure compared to non-diabetic subjects [5, 6] . Furthermore, DM is known to directly affect myocardial structure and function independently of coronary artery disease [7, 8] . These considerations underscore the urgent need of mechanistic treatments for the cure of MI, especially in the high-risk population of diabetic patients.
Recent studies have highlighted the importance of the pentose phosphate pathway for preservation of cardiomyocyte contractility in ischemia. Under conditions of increased oxidative stress, the activity of glucose-6-phosphate dehydrogenase (G6PD), the ratelimiting enzyme of pentose phosphate pathway, is rapidly increased in cardiomyocytes with consequent neutralization of free radical injury [9] . Furthermore, translocation of G6PD to the plasma membrane of endothelial cells reportedly induces the activation of vascular endothelial growth factor (VEGF) receptor 2 (VEGFR2), protein kinase B (PKB/Akt) and endothelial nitric oxide synthase (eNOS), thereby leading to promotion of angiogenesis [10, 11] . In DM, an impaired activity of G6PD and transketolase, the other pivotal enzyme that shunts glucose metabolites to the pentose pathway, results in depletion of reducing agents and accumulation of glycolysis end-products, which have deleterious effects for cardiovascular cells, such as endothelial cells, mural cells (pericytes and vascular smooth muscle cells) and cardiomyocytes [12, 13] . Of note, similar to diabetic subjects, mice with partial deficiency of G6PD demonstrate impaired angiogenesis and increased myocardial dysfunction following ischemia-reperfusion [10, 14] . However, no information exists on whether induction of G6PD-related anti-oxidative mechanism by ischemia translates in the activation of the VEGFR2/Akt signaling pathway in cardiomyocytes and whether this homeostatic response is maintained or disrupted in DM.
Benfotiamine (BFT), a vitamin B1 analogue and an activator of transketolase, reportedly ameliorates DM-induced vascular complications and healing of ischemic limbs [15] [16] [17] [18] . Furthermore, we showed that BFT prevents DM-induced diastolic dysfunction and heart failure through activation of Akt and its downstream target, proviral integration site for Moloney murine leukemia virus-1 (Pim-1) [19] .
The present study investigates whether treatment with BFT protects the heart from ischemic injury and explores cellular and molecular mechanisms of cardioprotection. Results indicate that BFT significantly aids post-MI functional recovery by protecting cardiomyocytes from apoptosis through phosphorylation of VEGFR2 and Akt and activation of Pim-1. Furthermore, BFT contained the excessive activation of neurohormonal systems in the infarcted heart.
Methods

Ethics
Experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals (the Institute of Laboratory Animal Resources, 1996) and with approval of the British Home Office and the University of Bristol.
Experimental protocol
As summarized in Supplemental Fig. 1, 8 -week old male CD1 mice (Charles River, UK) were made diabetic using streptozotocin (STZ; 40 mg/kg body weight i.p. daily for 5 days), while age-and gender-matched controls were injected with STZ-vehicle [18] . DM was confirmed by measurements of glucose in peripheral blood (Supplemental Fig. 2 ). Four weeks following final STZ or vehicle injection, mice were randomly assigned to receive BFT (70 mg/kg body weight per day) or vehicle (1 mMol/L HCl) in drinking water until sacrifice. The BFT dosage used here reportedly produces a 4-fold increase in plasma thiamine [20] . Four weeks after entering the treatment, mice were randomized to MI or sham operation and then sacrificed 2 weeks later. MI was induced by permanent ligation of the left anterior descending coronary artery (LAD). In brief, with mice under anesthesia (2,2,2 tribromo ethanol, 0.3 g/kg, i.p.) and artificial ventilation, the chest cavity was opened and, after careful dissection of the pericardium, LAD was permanently ligated using a 7-0 silk suture. Animals were allowed to recover with aseptic precautions and received analgesic medication (buprenorphine, 0.1 mg/kg s.c.) to reduce post-operative pain. Sham-operated animals underwent a similar procedure without LAD ligation.
Hemodynamic measurements and collection of heart samples
Measurements of dimensional and functional parameters were performed at baseline (time 0), before mice entered the treatment (week 4), before induction of MI (week 8) and post-MI (week 10), using a high-frequency, high-resolution echocardiography system (Vevo 770, Visual Sonics, Toronto, Canada). Left ventricular (LV) chamber dimensions, LV ejection fraction (LVEF) and fractional shortening (LVFS) were determined as described [21] .
At the occasion of the last echocardiography session, LV pressure measurements were performed using a high-fidelity 1.4F transducer tipped catheter [22] . Mice were then randomly allocated to 3 subgroups to be used for measurement of myocardial perfusion using fluorescent microspheres, immunohistochemistry (IHC) or assessment of gene expression. Hearts of mice undergoing IHC studies were stopped in diastole by intra-cardiac injection of cadmium chloride, followed by collection of the LV by perfusion fixation with 4% paraformaldehyde.
Biochemical measurements
Transketolase, G6PD and AGE activities in LV tissue were measured at sacrifice (n=5 mice per group) as described previously [12, 19, 23] . Levels of angiotensin II (SPI bio) and norepinephrine (IBL international) in plasma and LV tissue were measured as markers of neurohormonal activation [24] using commercially available ELISA kits (n=5 mice per group).
Immunofluorescence microscopy detection of microvascular density, apoptosis and oxidative stress
Mid-ventricular sections which include the middle part of the infarct, the peri-infarct zone (the normal myocardial area bordering the infarct zone), and the remote zone were used (n=5 mice per group). Vascular endothelial cells were identified by staining for isolectin B4, vascular smooth muscle cells by staining for α-smooth muscle actin, cardiomyocytes by α-sarcomeric actin and apoptotic cells by TUNEL assay (Roche). Levels of hydroxyl radicals was measured by immunostaining for 8-OHDG.
Morphometric evaluation of myocardial scar
Sections from three levels of each heart (apical, mid-ventricular, and basal) were stained by Azan Mallory to determine the scar size as described (n=5 mice per group) [25] .
were immediately assessed for caspase 3/7 activity using a commercially available assay kit (Caspase-Glo® 3/7, Promega), which was performed in 6 wells per each condition and repeated 3 times. Additional samples were collected at the end of hypoxia experiments for expressional studies (n=4 biologic replicates per each group). Separate experiments were performed under normoxia to determine whether BFT's action is independent of low oxygen levels.
To verify the mechanisms implicated in BFT's action on cardiomyocytes, we silenced G6PD using small interfering RNA (siRNAG6PD, Dharmacon Technologies). To this aim, HG treated HL-1 cells were transfected with siRNAG6PD or the relevant scrambled siRNA (Dharmacon Technologies). Effective silencing was confirmed by measurement of G6PD activity ( Fig. 8 and Supplemental Fig. 3(A) ). Cells were then treated with BFT for 48 h and exposed to starvation and hypoxia as described above. Samples were finally assessed for caspase 3/7 activity (performed in 6 wells per each condition and repeated 3 times) and western blotting (n=4 biologic replicates per each group).
In separate experiments, we silenced Akt using a HA-tagged dominant negative mutated form of Akt (Ad.DN-Akt, K179M) or control Ad.Null (both at 100 MOI) [19] . After 24 h, the medium was replaced with a fresh one supplemented with either BFT or vehicle. After additional 24 h, cells were subjected to starvation and hypoxia as described above. Samples were then assessed for caspase 3/7 activity and western blotting.
Western blot
WB analyses were performed on the hearts (n=5 mice per group) or HL-1 cardiomyocytes (n=4 assays, each in triplicate) subjected respectively to MI/or hypoxia to verify the effects of BFT on total and pVEGFR2 (Tyr1175), total and pAkt (Ser473), Pim-1, total and pBad (Ser112), Bcl-2, cleaved caspase 3 and p38MAPK (Thr180/Tyr182).
Statistical analysis
Results are represented as mean±standard deviation. Data from different groups were compared by the use of two-way ANOVA with or without repeated measures, as appropriate. This was followed by pair-wise comparison using the Holm-Sidak method (for multiple comparisons) or t-test (paired or unpaired as appropriate). Survival curves were analyzed by the Kaplan-Meier method and comparisons were made with the GehanBreslow log-rank test using SigmaStat statistical software. A P value of <0.05 was considered statistically significant for all parameters.
Results
BFT improves post-MI survival
At 14 days post-MI, only 25% of the diabetic mice in the vehicle group survived as compared to 50% of non-diabetic controls (P<0.0001, Fig. 1 ). Treatment with BFT markedly improved the survival of both non-diabetic (80%) and diabetic mice (50%) as compared with the respective vehicle-treated group (P<0.001).
BFT accelerates post-MI functional recovery
As shown in Table 1 , echocardiography measurements before MI induction showed the presence of diastolic dysfunction in diabetic mice, as denoted by significantly decreased E/A ratio (P<0.01 versus non-diabetic mice), whereas indices of systolic function, LVEF and LVFS, were preserved. BFT improved diastolic function of diabetic mice (P<0.01 versus vehicle-treated diabetics).
MI deteriorated diastolic function and contractility and caused LV chamber dilatation. Cardiac output (CO) was partially maintained in non-diabetic mice through increased heart rate (HR). Expectedly, DM worsened the consequences of MI as reflected by remarkably reduced LVEF and CO. BFT significantly improved the functional deterioration of infarcted hearts in both non-diabetic and diabetic mice. Furthermore, no reactive tachycardia was observed in vehicle-treated infarcted diabetic mice, with this response being restored by BFT.
In addition, pressure tip-catheter analyses demonstrated a significant improvement in LV end-systolic and end-diastolic pressures and maximal rates of LV pressure (dP/dt max and dP/ dt min ) in both non-diabetic and diabetic animals supplemented with BFT (Figs. 2(A-C) ). Of note, BFT caused a leftward shift of PV loops, confirming the benefit of treatment on LV performance (Fig. 2(D) ).
Following sham operation, no difference in echocardiography indices of cardiac function as well as pressure and volume parameters was observed between vehicle and BFT-treated mice within the diabetic or non-diabetic subgroups (Supplemental Fig. 4 ).
BFT improves myocardial perfusion and promotes reparative neovascularization in peri-infarct zone
As shown in Fig. 3(A) , myocardial perfusion was significantly lower in diabetic compared to non-diabetic mice after MI (P<0.01), with BFT improving LV perfusion in both nondiabetic and diabetic animals (P<0.01 versus respective vehicle-treated groups for both comparisons). We then analyzed the impact of DM and BFT on reparative angiogenesis (Figs. 3(B and C) ). Vehicle-treated diabetic hearts showed less capillaries and arterioles in the peri-infarct zone as compared to non-diabetic hearts (P<0.01). BFT significantly improved the peri-infarct vascularization at capillary and arteriole level as compared to vehicle (P<0.01). No difference in vascular density was observed between treatment groups at the level of the remote zone, although BFT-treated mice tended to have more capillaries than vehicle-treated mice (Supplemental Fig. 5 ).
BFT reduces oxidative stress, cardiomyocyte apoptosis and scar size
As shown in Fig. 4 , DM increased the myocardial levels of 8-OHDG (P<0.01 versus nondiabetic) and BFT reduced oxidative stress in the peri-infarct zone of diabetic and nondiabetic mice (P<0.01 versus vehicle). Similarly, BFT reduced 8-OHDG levels in the remote zone (Supplemental Fig. 6 ). As shown in Fig. 5(A) , BFT also reduced the number of TUNEL positive apoptotic cardiomyocytes in the peri-infarct zone of both diabetic and nondiabetic hearts (P<0.01 for both comparisons).
Histological assessment of fibrosis by Azan Mallory revealed larger scars in vehicle-treated diabetic hearts compared to non-diabetic hearts (P<0.001, Fig. 5(B) ). BFT significantly reduced scar dimensions in both non-diabetic and diabetic hearts (P<0.01 versus respective vehicle-treated groups).
BFT boosts the pentose phosphate pathway in infarcted hearts
We then investigated whether BFT activates key enzymes of the pentose phosphate pathway (Figs. 6(A-C) ). We found that G6PD is activated in ischemic hearts compared to shamoperated hearts and, importantly, this effect was significantly dampened by DM (Fig. 6(B) ). Of note, BFT increased transketolase and G6PD activities in non-diabetic hearts and rescued the impaired pentose phosphate pathway in diabetic hearts (Figs. 6(A and B) ) thereby reducing the formation of AGE (Fig. 6(C) ).
BFT moderates neurohormonal activation after MI
MI induced a remarkable increase in angiotensin II (Fig. 6(D) ) and norepinephrine levels ( Fig. 6(E) ) in both peripheral blood and myocardium. Although the levels of angiotensin II were comparable between diabetic and non-diabetic mice, norepinephrine was significantly increased in DM (P<0.01 at both basal and post-MI). Treatment with BFT markedly reduced the levels of both factors in diabetic and non-diabetic mice (P<0.001 for both comparisons).
BFT activates pro-survival signaling mechanism in infarcted hearts
In non-diabetic mice, the ischemia-induced activation of G6PD was associated to a significant increase in VEGFR2 phosphorylation, Akt phosphorylation and activity, Pim-1 levels and target pBad and Bcl-2 proteins, all these changes being negated by DM (Figs.  7(A-F) ). Furthermore, MI-induced increase in cleaved caspase 3 levels was enhanced in the hearts of diabetic mice (Fig. 7(G) ). Importantly, BFT boosted the Akt/Pim-1 signaling pathway in infarcted hearts of diabetic and non-diabetic mice.
The Akt effector Pim-1 is known to limit the pro-apoptotic Bad within the cytosol thus leaving the Bcl-X L and Bcl-2 free to inhibit apoptosis [28, 29] . In line with this, we found that activation of Pim-1 by BFT is associated with increased pBad and Bcl-2 (Figs. 7(E and F)) and decreased cleaved caspase 3 levels in ischemic hearts (Fig. 7(G) ). Of note, BFT did not exhibit any effect on the phosphorylation levels of p38MAPK ( Fig. 7(H) ), another major mechanism involved in cardiomyocyte survival.
To confirm the direct effect of BFT, cardiomyocytes were exposed to hypoxia in the presence of normal or high glucose levels. High glucose enhanced caspase 3/7 activity and inhibited VEGFR2/Akt/Pim signaling in hypoxic cardiomyocytes (Supplemental Fig. 7) . BFT significantly reduced caspase 3/7 activity and preserved VEGFR2/Akt/Pim-1 signaling under normal or high glucose. Under normoxic conditions, BFT did not exhibit any effect on cells treated with normal glucose (Supplemental Fig. 8) , however, it significantly prevented the high glucose-induced activation of caspase 3/7 activity and the downregulation of Akt/ Pim-1 signaling (Supplemental Fig. 8 ).
We further confirmed the signaling pathway involved in BFT-induced effects by silencing G6PD. This resulted in remarkable reduction of G6PD activity (Fig. 8(A) ) and attenuation of BFT-mediated inhibition of cell apoptosis under hypoxia with or without HG (Fig. 8 (B) ). Silencing G6PD also markedly reduced the activation of pro-survival signaling cascade by BFT (Figs. 8(C-F) ). No effect was instead induced by scrambled siRNA (Supplemental Fig.  3 ). Inhibition of Akt activity using HA-tagged AD.DN-Akt also attenuated the activation of pro-survival signaling cascade by BFT (Fig. 9) without affecting G6PD activity (data not shown).
Discussion
Post-MI mortality and morbidity are remarkable in patients with DM [30, 31] . Different mechanisms have been proposed for the worsened recovery of diabetic infarcted hearts. Data from both diabetic patients [32] and streptozotocin-induced diabetic mice [33] suggest that a consistent loss of myocytes occurs as a consequence of oxidative stress-triggered apoptosis in the area at risk, leading to larger scars and maladaptive remodelling [34] . The present study newly shows that vitamin B1 analogue BFT improves the recovery from MI by reducing oxidative stress, correcting the impairment of adaptive pro-survival mechanism and moderating neurohormonal activation.
Our study confirms that transketolase and G6PD, the rate-limiting enzymes of the pentose phosphate pathway, are inhibited in the diabetic heart under basal conditions [35, 36] .
Furthermore, G6PD activity increases during ischemia-reperfusion in isolated hearts [14] , which is in line with present results in non-diabetic mice with acute MI. Upregulation of G6PD in ischemic heart may reflect a compensatory response attempting to contrast oxidative stress. In fact, genetically modified mice carrying a mutation that reduces myocardial G6PD activity by 80% exhibited greater sensitivity to ischemia/reperfusion induced LV dysfunction, with depletion of intracellular thiols and impairment of redox homeostasis [14, 37] . This phenotype closely resembles the situation of diabetic mice, which also show a remarkably blunted response of G6PD to myocardial ischemia, increased oxidative stress and profound deterioration of contractile function and cardiomyocyte survival. Therefore, restoring proper G6PD levels may represent a therapeutic target to prevent excessive cardiomyocyte damage in DM. Accordingly, BFT markedly increased G6PD and transketolase activity, reduced oxidative stress and preserved cardiomyocyte viability and LV function in diabetic mice subjected to acute MI. Interestingly, BFT also benefited the post-MI recovery of non-diabetic mice, suggesting that there is a potential advantage from boosting the pentose phosphate pathway independently of its baseline activity state.
Our results indicate that BFT improves the vascularization of the peri-infarct zone, an effect that may have contributed in limiting the extension of myocardial damage. Leopold et al. showed that antisense knockdown of G6PD is associated with a significant decrease in in vitro angiogenesis, whereas forced G6PD expression by gene transfer promoted this process through a VEGFR2/Akt/eNOS mediated mechanism [10] . Our results newly highlight the implication of a similar signaling mechanism in the maintenance of cardiomyocyte viability. We found that ischemia induces the G6PD-dependent activation of VEGFR2/Akt and that this response is blunted in DM. BFT restored this reaction in diabetic hearts and cardiomyocytes exposed to high glucose and also enhanced its spontaneous activation in non-diabetic hearts. Silencing studies strongly support the link between G6PD and Akt in maintaining cardiomyocyte survival under ischemia, however they do not clarify the direct mechanism by which G6PD regulates Akt activity. Further studies addressing this aspect are therefore needed.
Forced expression of Akt reportedly inhibits cardiomyocyte apoptosis in infarcted wild-type mice but not in Pim-1 deficient mice, thus demonstrating the essential role of Pim-1 in Aktinduced cardioprotection [38] . Pim-1 exerts a protective effect of the myocardium through induction of Bcl-2 and Bcl-xL protein levels and phosphorylation/inactivation of Bad. Our results indicate for the first time that DM dampens Pim-1 expression after MI, thereby jeopardizing endogenous mechanisms of protection against apoptosis. Importantly, BFT restored Pim-1 in diabetic hearts and enhanced Pim-1 activation in non-diabetic hearts, resulting in significant preservation of cardiomyocyte viability. Thus, modulation of Pim-1 produces functional gains independent of its basal state of expression.
An intriguing aspect of our study consists of the parallel effects of BFT between nondiabetic and diabetic groups. One possible explanation is that high dosage of BFT may have overpowered the impaired pentose phosphate activity in diabetes. Alternatively, BFT may interfere with mechanisms independent of the pentose phosphate pathway, as supported by the counter-regulatory effect of BFT on the neurohormonal response of infarcted mice. Importantly, in diabetic mice, BFT-induced neurohormonal modulation was associated to restoration of adrenergic sensitivity, which accounts for reactive tachycardia and improved inotropic and lusitropic responses. In the CONSENSUS study, high levels of angiotensin II, atrial natriuretic peptide and norepinephrine were strong predictors of mortality in post-MI patients, regardless of treatment randomization [24] . Furthermore, it has been demonstrated that the activation of neurohormonal systems could help in maintaining the circulatory homeostasis in the early stage post-MI, but excessive or sustained activation has deleterious effects on cardiac function, contributing to the progression to chronic heart failure [39] [40] [41] . These data reinforce the potential therapeutic value of BFT for prevention of cardiac dysfunction.
Taken together, supplementation of BFT benefits post-MI outcome through multiple mechanisms involving neurohormonal regulation, control of redox state and AGE formation, stimulation of angiogenesis and promotion of pro-survival G6PD/Akt/Pim-1 pathway (summarized in Supplemental Fig. 9) . Importantly, BFT also exhibited protective effects on non-diabetic hearts, thus calling for its clinical application in both diabetic and non-diabetic patients.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. BFT improves post-MI survival. Vehicle-treated diabetic (DV) mice showed a reduced survival rate (***P<0.0001 versus age-matched vehicle-treated non-diabetic mice, NDV). BFT significantly improved survival in both non-diabetic (NDB) and diabetic (DB) groups (**P<0.001 versus corresponding vehicle-treated group). BFT boosts the pentose phosphate pathway and moderates AGE and neurohormonal activation in infarcted hearts. Bar graphs showing the effect of MI and BFT on transketolase (A) and G6PD activity (B) and AGE levels (C) in myocardium of diabetic and non-diabetic mice. Plasma and myocardial levels of angiotensin II (D) and norepinephrine (E) are also shown (n=5 mice per group, each assay performed in triplicate). Values expressed as U/min/ mg of protein for transketolase and G6PD activity and absorbance (OD) for AGE levels. Angiotensin II and epinephrine levels were expressed as pg/ml or pg/gm of protein for plasma and heart respectively. vehicle-treated MI mice within non-diabetic or diabetic group. δ P<0.01 and δδ P<0.01 versus corresponding treatment between non-diabetic and diabetic group. NDS -vehicle-treated sham-operated non-diabetic; NDV -vehicle-treated non-diabetic with MI; NDB -BFTtreated-non-diabetic with MI; DS -vehicle-treated sham-operated diabetic; DVvehicle-treated diabetic with MI; DB -BFT-treated diabetic with MI. Silencing G6PD attenuates BFT-induced protection on cardiomyocytes exposed to hypoxia under normal or high glucose. Bar graphs show G6PD activity (A), levels of activated caspase 3/7 (B), pVEGFR2 (C), pAKt (D), Pim-1(E) and Bcl-2 (F) in cultured adult cardiomyocytes after silencing G6PD. Cardiomyocytes cultured in normal (NG) or high glucose (HG) were transfected with siRNAG6PD (NGSiG and HGSiG) and subjected to hypoxia with 0. 
